INTRODUCTION
Recently, bulk metallic glasses (BMGs) have attracted increasing attention since they exhibit exotic properties which cannot be found in their counterpart crystalline alloys (Inoue, 2000) . In particular, a lot of research activities are being performed for structural and functional applications of BMGs due to extremely high strength and hardness, large elastic strain limit combined with relatively high fracture toughness, as well as good wear and corrosion resistance (Corner et al., 1997; Gilbert et al., 1997; Park et al. 2002; Ma et al., 2004; Jayaraj et al., 2006) . For structural application of BMGs, enhancement of the plasticity is one of the critical issues to be solved. Inherently, glassy alloys exhibit very high level of strength, but very low level of plasticity. There have been a lot of attempts to enhance the plasticity by providing a structural inhomogeneity in the glassy matrix, for example, it has recently been shown that a minor addition of an element that has positive enthalpy of mixing with some of the constituent elements is an effective way to improve the plasticity of BMGs by providing chemical and/or structural heterogeneity in the amorphous matrix (Xing et al., 2001; Lee et al., 2004; Oh et al., 2005; Park et al., 2005; Park et al., 2007) . However, the level of the plasticity is still not enough to be applied as structural materials. On the contrary, there are several examples of successful application of BMGs as functional materials. One of the astonishing benefi ts of the BMGs is their excellent thermoplastic forming ability and wettability in the super-cooled liquid region. Using such advantages of BMGs, Kim et al. (2011) applied CuZrbased metallic glass as a binding agent of Ag paste for front contact formation in Si solar cell by screen printing process. They showed that use of electroconductive metallic glass binder signifi cantly improves the quality of the contact by the formation of highly dense nm scale fi ne Ag crystallites and the noncorrugation of the emitter surface with a very shallow Ag crystallite penetration depth. Carmo et al. (2011) fabricated Pt-base metallic glass nanowires using a facile and scalable nanoimprinting approach to create dealloyed high surface area nanowire catalysts with high conductivity and activity for methanol and ethanol oxidation. They showed that these nanowires exhibit superior performance efficiency than the conventional Pt/C. Wang et al. (2012) reported that the MgZn-based metallic glass powders have excellent functional ability in degrading azo dyes which are typical organic water pollutants. Their azo dye degradation efficiency is about 1,000 times higher than that of commercial crystalline Fe powders, and 20 times higher than the Mg-Zn alloy crystalline counterparts. Moreover, they suggested that the high Zn content in the amorphous Mg-based alloy enables a greater corrosion resistance in water and higher reaction efficiency with azo dye compared to crystalline Mg. Since most of the functional applications make use of high thermoplasticity and wettability of BMGs in the super-cooled liquid region, it is also highly required that BMGs should exhibit high oxidation resistance in the super-cooled liquid region. Most of the oxidation experiments on BMGs reported so far have been performed by exposing the BMG samples for long time at high temperature to evaluate the possibility for application as a structural material (Kimura et al., 1993; Tam & Shek, 2005; Tam & Shek, 2006; Köster et al., 2007; Kai et al., 2010) . However, for functional application of BMGs the oxidation behavior and mechanism need to be examined in detail in the super-cooled liquid region for short time exposure. Therefore, the aim of the present study is to investigate the oxidation resistance of Cu-Zr based metallic glasses during continuous heating up to the super-cooled liquid region. For fabrication in the super-cooled liquid state, one of the prime requirements is the selection of metallic glass which exhibits a wider temperature region of the super-cooled liquid region. Therefore, to increase the temperature region of the supercooled liquid region, we have selected two alloy compositions of Cu 50 Zr 50 and Cu 46 Zr 46 Al 8 (in at%). Since the temperature range of the super-cooled liquid region is closely related to the glass forming ability of the metallic glass (Inoue, 2000) , we have selected Al as the third alloying element from the point of view of the enhancement of glass forming ability.
MATERIALS AND METHODS
Alloy ingots with the nominal compositions of Cu 50 Zr 50 and Cu 46 Zr 46 Al 8 were produced by arc-melting high-purity metals with purities of 99.9% or higher under argon atmosphere in a water-cooled copper crucible. Rapidly solidifi ed ribbons were prepared by remelting the alloys in quartz tubes and ejecting the melt with an overpressure of 50 kPa through a nozzle onto a copper wheel rotating with a surface velocity of 40 m/s. The structure and the thermal stability of the melt-spun ribbon samples were examined using x-ray diffractometry (XRD; D8 DISCOVER; Bruker AXS, Billerica, MA, USA), differential scanning calorimetry (DSC 7; Perkin Elmer, Oxfordshire, UK), and differential thermal analysis (DTA 7; Perkin Elmer) at a heating rate of 40 K/min. To characterize the oxide layer, the ribbon samples were continuously heated in thermogravimetric analyzer (TGA 4000; Perkin Elmer) in high-purity dry air (99.99%). Different heating temperatures were selected depending on the composition of the metallic glass. Characterization of the oxidation scales was performed using transmission electron microscopy (TEM; JEOL 2010F, Tokyo, Japan) equipped with an energy dispersive spectrometer (INCA x-act 51-ADD0069; Oxford Instruments, Waltham, MA, USA). To observe the full cross section of the oxide layer, the samples were prepared using a focused ion beam milling equipment (Dual-beam FIB; FEI Helios NanoLab, Hillsboro, OR, USA). 50 , the T g increased by 34 K, but the T x increased more signifi cantly by 53 K, thereby the temperature region of the super-cooled liquid region (ΔT x ) increased from 53 K to 72 K. The result indicates that the glass forming ability of Cu-Zr based BMGs is improved with the addition of alloying element, Al. Recent study (Lim et al., 2012) an outer layer consisting of tetragonal ZrO 2 (t-ZrO 2 ) + Al 2 O 3 + metallic Cu (oxidation products from the super-cooled liquid state of the glass matrix) and inner layer comprised of m-ZrO 2 + metallic Cu islands (oxidation products from the crystallized matrix) (Lim et al., 2012) . One of the important findings is that the addition of Al in Cu 50 Zr 50 leads to a significant deterioration of the oxidation resistance in the super-cooled liquid state, although the glass forming ability is enhanced with the addition of Al. If Al is solutionized in ZrO 2 , oxygen ion vacancy concentration increases, therefore, higher activity of oxygen ions can be provided. Under such a condition, the oxidation proceeds more actively, resulting in the deterioration of the oxidation resistance. Based on the previous report, the oxidation behavior in binary Cu-Zr metallic glass is compared with that of the ternary Cu-Zr-Al metallic glass in the present study by the detailed TEM study. Therefore, the two metallic glass samples were continuously heated up to different temperatures, i.e. for the Cu 50 Zr 50 sample fi rst up to 725 K (in the super-cooled liquid region) and then fi nally up to 1,073 K, and for the Cu 46 Zr 46 Al 8 sample fi rst up to 673 K (below the T g ) and then fi nally up to 1,073 K. Fig. 1 shows the bright fi eld (BF) TEM image obtained from the Cu 50 Zr 50 sample continuously heated up to 725 K. The high resolution TEM image inserted in the BF TEM image clearly shows that the oxide layer is present in the crystalline state, while the matrix retains the glassy state. Since the sample was heated up to the temperature in the super-cooled liquid region, it is natural that the matrix remains in the glassy state as can be confi rmed from the inserted Fast Fourier Transformed (FFT) diffraction pattern exhibiting a diffuse halo which is characteristic of the amorphous structure. The thickness of the oxide layer is ~15 nm, and is identifi ed as m-ZrO 2 phase from the inserted FFT diffraction pattern exhibiting a [1-10] zone of the monoclinic structure. It is considered that the oxidation-protective m-ZrO 2 fi lm which formed below the T g suppresses the oxidation in the supercooled liquid region. Fig. 2 shows the BF TEM image obtained from the Cu 46 Zr 46 Al 8 sample continuously heated up to 673 K. Since the sample was heated below the glass transition temperature, the matrix remains in the glassy state as can be seen from the inserted selected area diffraction pattern (SADP). The thickness of the oxide layer is ~30 nm, and is identifi ed as t-ZrO 2 phase from the inserted SADP exhibiting a [301] zone of the tetragonal structure. Here, it has to be mentioned that there are three types of crystal structure for ZrO 2 , i.e. monoclinic, tetragonal and cubic structures which can be differentiated according to the concentration of oxygen ion vacancies (Shukla & Seal, 2005) . Among the three crystal structures, the monoclinic structure is most stable, thus has the highest oxidation resistance. On the contrary, the tetragonal structure is vulnerable to oxidation due to higher concentration of oxygen vacancies. Therefore, TEM observation results mentioned above indicate that binary Cu 50 Zr 50 metallic glass exhibits better oxidation resistance than ternary Cu 46 Zr 46 Al 8 metallic glass, judging from the crystal structure of ZrO 2 . As mentioned above, the addition of Al in Cu-Zr metallic glass increases the oxygen ion vacancy concentration, thus promoting the formation of t-ZrO 2 . As a result, the oxidation resistance is deteriorated signifi cantly. Fig. 3 shows the BF TEM images obtained from the Cu 50 Zr 50 and Cu 46 Zr 46 Al 8 samples continuously heated up to 1,073 K. Since the sample was heated up to the temperature above the crystallization onset temperature for both samples, the glassy matrix is crystallized after heating up to 1,073 K. The thickness of the oxide layer is ~1,200 nm and ~1,600 nm, respectively, again confirming that the ternary Cu 46 Zr 46 Al 8 metallic glass exhibits inferior oxidation resistance to the binary Cu 50 Zr 50 metallic glass. From the XRD analysis result, the oxide scale of the Cu 50 Zr 50 sample continuously heated up to 1,073 K consists mainly of ZrO 2 with the monoclinic structure, while the oxide scale of the Cu 46 Zr 46 Al 8 sample continuously heated up to 1,073 K consists of a mixture of ZrO 2 with the monoclinic and the tetragonal structure. Since ZrO 2 with the tetragonal structure forms in the supercooled liquid state (Fig. 2) of the Cu 46 Zr 46 Al 8 sample, it can be inferred that the oxide layer of ZrO 2 with the monoclinic structure forms on the crystallized Cu 46 Zr 46 Al 8 sample. Therefore, the oxide layer consists of two layers of inner and outer layer which are ZrO 2 with the monoclinic structure and ZrO 2 with the tetragonal structure, respectively, although it cannot be clearly differentiated in the BF TEM image (Fig.   Fig. 1 . Cross-sectional bright fi eld (BF) transmission electron microscopy (TEM) image obtained from the Cu 50 Zr 50 alloy showing the oxide thinfi lms after continuous heating up to 725 K (supercooled liquid region). Th e high resolution TEM image from the region marked in the BF TEM image is inserted. The Fast Fourier Transformed diffraction patterns obtained from the oxide layer and the matrix are also inserted. 3B). On the contrary, in the case of Cu 50 Zr 50 metallic glass sample, the oxide layer of ZrO 2 with the monoclinic structure forms on the crystallized matrix as well as on supercooled liquid matrix, resulting in superior oxidation resistance. To confi rm the formation of ZrO 2 with the monoclinic structure on the crystallized Cu 46 Zr 46 Al 8 sample, additional experiment was performed: the Cu 46 Zr 46 Al 8 metallic glass sample was heated above the T g in an inert atmosphere to induce the crystallization of the glassy sample, and then the crystallized sample was heated from room temperature up to 1,073 K in an air atmosphere to identify the oxide layer which formed on the crystallized matrix. The XRD result shown in Fig. 4 indicates that ZrO 2 with the monoclinic structure is the main oxidation product which grows on the crystallized Cu 46 Zr 46 Al 8 sample. The result clearly confirms that the oxide which forms on the supercooled liquid of the Cu 46 Zr 46 Al 8 sample is ZrO 2 with the tetragonal structure, while that formed on the crystallized Cu 46 Zr 46 Al 8 sample is ZrO 2 with the monoclinic structure. In general, it is known that the oxidation resistance of the amorphous alloys is linked to their ability to form amorphous oxide since the grain boundaries which provide a rapid diffusion path is absent in the amorphous oxide (Scully & Lucente, 2005) . The interface between the amorphous oxide and the amorphous alloy matrix can have a lower energy due to enhanced bond flexibility. In other words, the lattice mismatch and strain can be easily relieved at the interface due to rather easy rearrangement of atoms or ions in the amorphous structure. However, the formation of the amorphous oxide was not observed in the present study. When considering that the thickness of the initial amorphous oxide layer which forms on the pure metal is only a few nm, a thin amorphous oxide layer may form on the glassy matrix at the very early stage of oxidation. Such amorphous oxide layer transforms into different crystalline oxide layer, depending the alloy chemistry of the glassy matrix. Considering the oxidation resistance of metallic glass in the super-cooled liquid state, it is very important that what kind of oxide fi lm is formed on the surface of the metallic glass in the supercooled liquid region. In this study, the Cu 50 Zr 50 metallic glass forms ZrO 2 film with the monoclinic structure (protective in the supercooled liquid region), while the Cu 46 Zr 46 Al 8 metallic glass has ZrO 2 fi lm with the tetragonal structure (non-protective in the supercooled liquid region).
RESULTS AND DISCUSSION

CONCLUSIONS
In the present study, the oxidation behavior of Cu 50 Zr 50 and Cu 46 Zr 46 Al 8 metallic glasses has been investigated using TEM with a prime concern on the oxidation behavior in the supercooled liquid state. In Cu 50 Zr 50 metallic glass, ZrO 2 with the monoclinic structure forms on the supercooled liquid as well as on the crystallized matrix. On the contrary, in Cu 46 Zr 46 Al 8 metallic glass, ZrO 2 with the tetragonal structure forms on the supercooled liquid, but that with the monoclinic structure forms on the crystallized matrix. Considering that the oxygen vacancy is more abundant in the tetragonal structure than in the monoclinic structure of ZrO 2 , the Cu 50 Zr 50 metallic glass exhibits far better oxidation resistance in the supercooled liquid state than the Cu 46 Zr 46 Al 8 metallic glass. 
